INTRODUCTION
On March 11, 2011, a catastrophic earthquake (M 9.0) followed by a gigantic tsunami caused serious damage of the electric system of the Fukushima Dai-ichi nuclear power plant (DNPP). The failure of the cooling systems of nuclear reactors resulted in hydrogen gas generation and buildup, and the subsequent explosions. These explosions and venting actions resulted in serious releases of radionuclides into the atmosphere (NSC, 2011) . For example, for 137 Cs, the total emission was estimated in the range of 13-35.8 PBq (Chino et al., 2011; Stohl et al., 2011) . In addition to the atmospheric releases, the cooling of the reactors with fresh water and seawater, and the release of highly contaminated water from the damaged reactor buildings resulted in the direct discharges of radionuclides into the sea (Buesseler et al., 2011; Tsumune et al., 2012; Honda et al., 2012) .
In early April 2011, extremely high concentrations of 137 Cs (68000 Bq/L) and 131 I (100000 Bq/L) were observed Compared to the immediate intensive studies on the released high volatility fission products, such as 131 I, 134 Cs and 137 Cs, information on the actinides is very limited. Among the possibly released actinides, Pu isotopes attract great public attention because they present a large risk for internal radiation exposure due to their long halflives. Plutonium is normally produced in reactor fuel as a mixture of isotopes. The predominant isotope, 239 Pu is produced by neutron capture in 238 U. If a fuel element containing 239 Pu is left in a reactor for any length of time further neutron capture can occur to yield higher isotopes like 240 Pu, 241 Pu and 242 Pu. In addition, small quantities of two other isotopes, 236 Pu and 238 Pu, are produced during the irradiation (OECD, 1989) . Most of the fuel in Fukushima DNPP reactors was UO 2 , but in Unit 3 reactor, there were 32 mixed-oxide fuel assemblies containing ~6% Pu, corresponding to ~4% of the core loading (Burns et al., 2012) . In previous work (Zheng et al., 2012) , we found isotopic evidence for the atmospheric release of Pu into the environment due to the hydrogen explosions in Unit 1-3 reactors during the Fukushima DNPP accident. From the analysis of Pu isotopes in the surface soil and litter samples in the 20-30 km zones around the plant, the accident-derived Pu was characterized by high atom ratios of 240 Pu/ 239 Pu and 241 Pu/ 239 Pu; and the 241 Pu/ 239+240 Pu activity ratio of 107.8 was much higher than that of the Chernobyl accident. The observed 137 Cs/ 239+240 Pu activity ratios in the surface soil and litter samples ranged from 10 5 to 10 7 , indicating that the atmospheric release of Pu isotopes was very small compared with the Chernobyl accident. Although two other manuscripts are also included in this special issue of Geochem. J. Sakaguchi et al., 2012) , so far no information on the Pu isotopes in the released radioactive liquid wastes is available. The possible Pu contamination in the marine environment remains unknown.
In this study we analyze the activities of 239+240 Pu and 241 Pu, and the isotopic compositions ( 240 Pu/ 239 Pu and 241 Pu/ 239 Pu atom ratios) in surface marine sediments 30 km off the Fukushima Prefecture coast after the Fukushima DNPP accident. The obtained results are compared with the baseline data of Pu isotopes in the western North Pacific and Japanese coastal marine sediments to make a quick assessment on the environmental impact of possible Pu contamination from the accident.
BASELINE DATA ON Pu IN THE WESTERN NORTH PACIFIC
It is well-known that the atom ratio of 240 Pu/ 239 Pu is a powerful fingerprint to identify the source of Pu contamination in the ocean. In the western North Pacific, the principal sources of Pu are: (1) the close-in tropospheric fallout from nuclear weapons testing at the Pacific Proving (Bowen et al., 1980; Diamond et al., 1960; Livingston and Povinec, 2002; Kelley et al., 1999) . Over the past years, the distributions of Pu isotopes in the western North Pacific and its marginal seas have been intensively studied to understand their fate and transport in the marine environment and to explore the potential applications as geochemical tracers to understand a variety of marine and oceanic processes (Bertine et al., 1986; Buesseler, 1997; Dong et al., 2010; Hirose et al., 2007; Kim et al., 2004; Lee et al., 2004 Lee et al., , 2005 Liu et al., 2011a; Norisuye et al., 2006; Okubo et al., 2008; Wang and Yamada, 2005; Yamada et al., 2006; Zheng and Yamada, 2004 , 2006b , 2006c . These studies provide useful background data for the estimation of possible Pu contamination due to the Fukushima DNPP accident. Figure 1 (Hirose et al., 2007) . The transported Pu was rapidly removed from the water column due to the enhanced particle scavenging in the continental margin and Japanese coastal areas (Zheng and Yamada, 2006b) , resulting in higher Pu inventories and higher 240 Pu/ 239 Pu atom ratios in the sediment column compared to those from the global fallout origin. In the deep layer sediment, high 240 Pu/ 239 Pu atom ratios up to 0.30-0.33 have been observed in the Okinawa Trough and Sagami Bay (Lee et al., 2004; Wang and Yamada, 2005; Zheng and Yamada, 2008) , which indicated clearly the deposition of the PPG close-in fallout Pu. Because of the mixing between the PPG source Pu and the global fallout Pu in the past decades, the 240 Pu/ 239 Pu atom ratios in the water column have become quite constant; for example, their reported ranges were from 0.226 to 0.253 in the Japan Sea and from 0.224 to 0.240 in Sagami Bay (Yamada and Zheng, 2007) . Similarly, high ratios of 240 Pu/ 239 Pu were also observed in settling particles in the East China Sea/Okinawa Trough (0.225-0.268) (Zheng and Yamada, 2006b) , and in marine particles (particle diam-eter >70 µm and 1-70 µm) in the Pacific off Aomori (0.196-0.239) (Okubo et al., 2008) .
The distributions of 239+240 Pu activity and 240 Pu/ 239 Pu atom ratio before the Fukushima DNPP accident in the surface sediments (0-3 cm) of the western North Pacific and its marginal seas are summarized in Table 1 . Due to the difference of bottom topography and sedimentation dynamics, the 239+240 Pu activity in the surface sediments varied significantly, ranging from 0.01 to 5.38 mBq/g, except that in the sediments near the Bikini Atoll, where a high activity of 239+240 Pu > 10 mBq/g is still seen (Lee et al., 2005) . The 240 Pu/ 239 Pu atom ratio ranged from 0.150 to 0.281, while in the surface sediment near the Bikini Atoll, a high ratio of 0.336 was observed (Buesseler, 1997) . Data on the distributions of 239+240 Pu activity and 240 Pu/ 239 Pu atom ratio in surface sediments in several Japanese estuaries are also available in the literature; they are summarized in (NIRS, 2010) ; these estuaries are geographically located in the west, central, and north of Japan, and the distributions of Pu isotopes in these estuaries, therefore, are regarded to be representative for the baseline data on Pu distribution in Japanese estuaries. In addition, the distributions of Pu isotopes in Tokyo Bay, Sagami Bay, and Hiroshima Bay were investigated for the sediment samples collected in 1988 , 1990 -91, and 2009 , respectively (Yamada and Nagaya, 2000 Zheng and Yamada, 2004; Liu et al., 2011b Bertine et al. (1986) ; Buesseler (1997) ; Dong et al. (2010) ; Kim et al. (2004) ; Liu et al. (2011a) ; Lee et al. (2004) ; Lee et al. (2005) ; Norisuye et al. (2006) ; Wang and Yamada (2005) ; Zheng and Yamada (2004 , 2006b , 2006c , Yamada and Zheng (2007 Pu isotopes in marine sediments after the FDNPP accident 365 Pu fraction (2) Heat to dryness Residue dissolved in 4% HNO 3 
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SAMPLES AND METHODS
Sample collection
A multiple corer was used to collect marine sediment core samples from the western North Pacific Ocean 30 km off the Fukushima Prefecture coast during the cruises of MR 11-05 and KH 11-07 in July and August 2011. The top 0-1 cm sediments and a sand sediment sample collected at Nakoso beach, Iwaki City on April 9, 2011 were analysed for Pu isotopes. The locations of sampling sites are shown in Fig. 2 . All samples were oven dried at 50°C for one week.
Analytical procedure for measuring Pu isotopes
Pu isotope separation and purification were done using a modified method based on the MEXT method for Pu analysis in environmental samples (MEXT, 2002) . As summarized in Fig. 3 , sediment samples (1.0-3.0 g) were weighed out, and heated in a muffle oven at 450°C for 6 h to decompose the organic matter. After adding 1 pg 242 Pu tracer, the sediment sample was digested by heating on a hot-plate using 10 M HNO 3 -1 M HF. After the digestion, the solution was heated to dryness, and the residues were dissolved in 30 mL 8 M HNO 3 . The separation and purification of Pu isotopes were conducted using a two-stage anion-exchange chromatography (Zheng et al., 2012) . Acetic acid (4 M) was used to wash the column and elute Pu. The collected acetic acid solution (30 mL) was heated to dryness, and the residue was dissolved in 0.7 mL 4% HNO 3 for Pu isotope analysis using a highly sensitive APEX/SF-ICP-MS analytical system (Zheng and Yamada, 2006a) . Sediment standard reference materials IAEA-368 (marine sediment standard, International Atomic Energy Agency), SRM-4357 (ocean sediment standard, American National Standards Institute of Technology) and SRM-4354 (freshwater lake sediment standard, American National Standards Institute of Technology) were used for analytical method validation (Zhang et al., 2010; Wu et al., 2011) .
RESULTS AND DISCUSSIONS
The results of 239+240 Pu activities and atom ratios of 240 Pu/ 239 Pu and 241 Pu/ 239 Pu are presented in Table 3 . The atom ratios of 240 Pu/ 239 Pu for the sediment samples collected between 30 to 200 km off the Fukushima Prefecture coast ranged from 0.216 to 0.255 (see Table 3 and Fig. 2) . The typical global fallout 240 Pu/ 239 Pu atom ratio of 0.188 and 0.189 were observed at sampling stations ES4 and ES5, respectively, because these two stations are located in the pathway of the southward flowing Oyashio Current, which brings water bearing global fallout source Pu isotopes (Zheng and Yamada, 2006c) . The activities of 239+240 Pu found in these surface sediment samples ranged from 0.12 to 3.53 mBq/g (Table 3 and Fig. 2) . The lowest 239+240 Pu activity of 0.12 mBq/g was detected in the sand sample collected at Nakoso beach. In the two stations closest to the Fukushima DNPP inside the 100 km zone, MC5 and FS1, the observed 239+240 Pu activities were 0.48 mBq/g and 2.81 mBq/g, respectively. Both MC5 and FS1 stations are located in the shallow area with a water depth ca. 150 m (Table 3) , the relatively large difference in 239+240 Pu activities observed in these two stations may be attributed to the difference of sediment type: sandy sediment for MC5 and muddy sediment for FS1. Higher activities of 239+240 Pu (>3.0 mBq/g) were observed in the stations outside the 100 km zone, ES2 and FS5. At stations ES4 and ES5, located more than 200 km from the plant site, 239+240 Pu activities around 1 mBq/g were detected.
Compared with the background data on the 239+240 Pu activities in the surface sediment samples in the western North Pacific and its marginal seas, and Japanese estuaries before the Fukushima DNPP accident (Fig. 4) , we found that 239+240 Pu activities were in the same levels, and no significant increase could be observed after the accident. A more direct comparison can be made with the 239+240 Pu activity at station CM03, which is the only station close to the Fukushima DNPP (ca. 200 km southeast of it) with known 239+240 Pu activity and 240 Pu/ 239 Pu atom ratio before March 2011 in the literature (Zheng and Yamada, 2006c) . At CM03 station, the surface sediment collected in 1998 already showed a 239+240 Pu activity of 3.80 mBq/g, which was slightly higher than the 239+240 Pu activities found in surface sediments off Fukushima after the accident.
In addition to the 239+240 Pu activity level, the range of 240 Pu/ 239 Pu atom ratios (0.216-0.255) found in surface sediments off Fukushima after the accident was comparable to those ranges of 0.201-0.249 observed in Japanese estuaries and 0.150-0.281 in the western North Pacific and its marginal seas before the Fukushima DNPP accident (Fig. 4) . From the 240 Pu/ 239 Pu atom ratio signature in the studied stations, the sources of Pu could be attributed to the deposition of both global fallout and transported PPG close-in fallout Pu before the Fukushima DNPP accident.
In previous work (Zheng et al., 2012) , we found that the Pu fallout released from the Fukushima DNPP accident was characterized by a high 241 Pu/ 239+240 Pu activity ratio (>100). However, in the present study, 241 Pu was not detectable in the surface sediments off Fukushima (except station ES2), indicating that the contribution of direct atmospheric deposition of Pu from the nuclear accident is negligible in the marine sediments.
241 Pu (11.38 mBq/g) was only detected in the sediment at ES2 station, with a 241 Pu/ 239 Pu atom ratio of 0.00344. This ratio is slightly higher than that of global fallout (0.00194 ± 0.00014) (Kelley et al., 1999) , but comparable to that found in the sediment near the Bikini Atoll in 2005 (0.0042-0.0044) (Lee et al., 2005) , therefore, it can be attributed to the deposition of the PPG source Pu.
CONCLUSIONS
Although large amounts of 137 Cs have been released into the Pacific Ocean due to direct waste water releases and atmospheric fallout from the Fukushima DNPP accident, which has caused severe contamination in seawater and sediments (Buesseler et al., 2011; MEXT, 2011; Tsumune et al., 2012) , Pu contamination from the accident was not identified in the marine sediments outside the 30 km zone for samples collected in April and JulyAugust, 2011. However, the contamination situation within the 30 km zone around the plant remains unknown. Further studies on the determination of Pu isotopes in seawater and sediments within the 30 km zone are required to make a more comprehensive assessment on the environmental impact from the Fukushima DNPP accident and to understand the marine environmental behavior of Pu isotopes derived from the Fukushima DNPP accident.
